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Abstract
Three generation heterotic–string vacua in the free fermionic formulation
gave rise to models with solely the MSSM states in the observable Standard
Model charged sector. The relation of these models to Z2 × Z2 orbifold com-
pactifications dictates that they produce three pairs of untwisted Higgs multi-
plets. The reduction to one pair relies on the analysis of supersymmetric flat
directions, that give superheavy mass to the dispensable Higgs states. We ex-
plore the removal of the extra Higgs representations by using the free fermion
boundary conditions and hence directly at the string level, rather than in the
effective low energy field theory. We present a general mechanism that achieves
this reduction by using asymmetric boundary conditions between the left– and
right–moving internal fermions. We incorporate this mechanism in explicit
string models containing three twisted generations and a single untwisted Higgs
doublet pair. We further demonstrate that an additional effect of the asymmet-
ric boundary conditions is to substantially reduce the supersymmetric moduli
space.
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1 Introduction
String theory provides a viable framework to probe the unification of gravity and
the gauge interactions. Preservation of classical symmetries in the quantised string
fixes the number of world–sheet degrees of freedom required for internal consistency.
These can be taken as bosonic degrees of freedom and interpreted as additional di-
mensions, beyond the four space–time, or as an internal two dimensional conformal
field theory on the string world–sheet. String states are obtained by acting on the
nondegenerate vacuum with bosonic and fermionic excitations and give rise to the
matter and interaction states that constitute the experimentally observed spectrum.
String theory in four dimensions gives rise to a multitude of consistent vacuum so-
lutions and the selection of the ones relevant for experimental investigation is one of
the perplexing issues in string theory.
On the other hand, the data extracted from collider and other contemporary ex-
periments highlights the Standard Particle Model as the correct accounting of all
the observed data. Furthermore, the particle physics data is compatible with the
hypothesis that the renormalisable Standard Model remains unaltered up to a large
energy scale and that the particle spectrum is embedded in a Grand Unified The-
ory (GUT) [1]. Most appealing in this context is SO(10) unification, in which each
Standard Model generation is embedded in a single 16 spinorial representation. The
hypothesis of unification is further supported by the observed logarithmic evolution
of the Standard Model parameters, by the suggestive compatibility of coupling uni-
fication with the low energy data and by the suppression of proton decay mediating
operators and left–handed neutrino masses. However, as many of the Standard Model
variables are mere parameters in the context of GUTs, their origin is not explained
in the framework of point quantum field theories. Therefore, elucidating further the
properties of the Standard Model spectrum, such as the existence of flavour, neces-
sitates the unification of the Standard Particle Model with gravity. String theory
therefore provides a unique framework to explore how the Standard Model parame-
ters may arise from such unification.
Toward this end and lacking a mechanism that dynamically selects a unique
string vacuum in four dimensions, the Standard Model data is used to single out
phenomenologically viable string vacua. Maintaining the SO(10) embedding of the
Standard Model spectrum necessitates that we study compactifications of the het-
erotic string [2], as spinorial SO(10) representations are obtained in the heterotic
string [2], but not in the other perturbative string theories. The compatibility of
the low energy data with gauge coupling unification indicates that the observable
gauge group below the string scale should be SU(3)C × SU(2)L × U(1)Y and that
the SU(3)C × SU(2)L × U(1)Y –charged spectrum should consist solely of the Min-
imal Supersymmetric Standard Model spectrum. Indeed, over the past year there
has been a resurgence of interest in the construction of phenomenologically viable
heterotic string vacua [3]. We therefore recall that the semi–realistic models in the
free fermionic formulation [4–11] produced in the past solutions in which the only
1
Standard Model charged states are the MSSM states [11]. It is therefore an opportune
moment to revisit these models and to examine some of their properties.
One of the intriguing successes of the free fermionic standard–like models has been
the successful prediction of the top quark mass several years prior to its experimental
observation [9]. Furthermore, the models offered an explanation why only the top
quark mass is characterised by the electroweak scale, whereas the masses of the lighter
quarks and leptons are suppressed. The reason being that only the top quark Yukawa
coupling is obtained at the cubic level of the superpotential, whereas the Yukawa
couplings of the lighter quarks and leptons are obtained from nonrenormalizable
terms which are suppressed relative to the leading order term. In the free fermionic
quasi–realistic standard–like models the three generations arise from the three twisted
sectors, whereas the Higgs doublets, to which they couple in leading order, arise from
the untwisted sector. At leading order each twisted generation couples to a separate
pair of untwisted Higgs doublets. Analysis of supersymmetric flat directions implied
that at low energies only one pair of Higgs doublets remains light and other Higgs
doublets obtain heavy mass from VEVs of Standard Model singlet fields. Hence, in
the low energy effective field theory, only the coupling of the twisted generation that
couples to the light Higgs remains at leading order. The consequence is that only the
top quark mass is obtained at leading order, whereas the masses of the remaining
quarks and leptons are obtained at subleading orders. Evolution of the calculated
Yukawa couplings from the string to electroweak scale (and using the low energy data
for the bottom quark and electroweak vector bosons) then yields a prediction for the
top quark mass. An additional constraint on the analysis is that the gauge coupling
unification at the high scale is compatible with the low energy data.
The analysis of the top quark mass therefore relies on the analysis of supersym-
metric flat directions and the decoupling of the additional untwisted electroweak
Higgs doublets, that couple to the twisted generations at leading order. In this paper
we examine whether an alternative construction is possible. Our aim is to construct
models in which only one pair of untwisted Higgs doublets remains in the massless
spectrum after application of the Generalised GSO (GGSO) projections. Therefore,
the massless string spectrum contains a single electroweak Higgs doublet pair, with-
out relying on analysis of supersymmetric flat direction in the effective low energy
field theory. Consequently, at leading order only the top quark couples to the elec-
troweak Higgs doublet, and therefore only its mass is intrinsically associated with the
electroweak scale.
Our paper is organised as follows. In section 2 we review the structure of the
minimal standard heterotic string models in the free fermionic formulation. In section
2.2 we describe in general the mechanism that projects the additional untwisted
Higgs doublets, in terms of the free fermion boundary condition basis vectors. In
section 3 we present an explicit string model which contains a single untwisted Higgs
doublet pair and present its full massless spectrum as well as the full cubic level
superpotential. Section 3 also contains a discussion of the flat directions. Section 4
concludes the paper.
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2 Minimal Standard Heterotic String Models
In this section we briefly review the construction and structure of the free
fermionic standard like models. The notation and further details of the construction
of these models are given elsewhere [5,8,10–12]. In the free fermionic formulation of
the heterotic string in four dimensions [13] all the world–sheet degrees of freedom,
required to cancel the conformal anomaly, are represented in terms of free fermions
propagating on the string world–sheet. In the light–cone gauge the world–sheet
field content consists of two transverse left– and right–moving space–time coordinate
bosons, Xµ1,2 and X¯
µ
1,2, and their left–moving fermionic superpartners ψ
µ
1,2, and addi-
tional 62 purely internal Majorana–Weyl fermions, of which 18 are left–moving, and
44 are right–moving. The models are constructed by specifying the phases picked by
the world–sheet fermions when transported along the torus non–contractible loops.
Each model corresponds to a particular choice of fermion phases consistent with
modular invariance and is generated by a set of basis vectors describing the transfor-
mation properties of the 64 world–sheet fermions. The physical spectrum is obtained
by applying the generalised GSO projections. The low energy effective field theory
is obtained by S–matrix elements between external states [14].
The boundary condition basis defining a typical realistic free fermionic heterotic
string models is constructed in two stages. The first stage consists of the NAHE
set, which is a set of five boundary condition basis vectors, {1, S, b1, b2, b3} [10, 15].
The gauge group after imposing the GSO projections induced by the NAHE set is
SO(10)×SO(6)3×E8 with N = 1 supersymmetry. The NAHE set divides the inter-
nal world–sheet fermions in the following way: φ¯1,···,8 generate the hidden E8 gauge
group, ψ¯1,···,5 generate the SO(10) gauge group, and {y¯3,···,6, η¯1}, {y¯1, y¯2, ω¯5, ω¯6, η¯2},
{ω¯1,···,4, η¯3} generate the three horizontal SO(6) symmetries. The left–moving {y, ω}
states are divided to {y3,···,6}, {y1, y2, ω5, ω6}, {ω1,···,4}, while χ12, χ34, χ56 generate
the left–moving N = 2 world–sheet supersymmetry. At the level of the NAHE set
the sectors b1, b2 and b3 produce 48 multiplets, 16 from each, in the 16 representation
of SO(10), that are singlets of the hidden E8 gauge group and transform under the
horizontal SO(6)j (j = 1, 2, 3) symmetries. The untwisted sector produces states in
the 10 vectorial representation of SO(10) that can produce electroweak Higgs dou-
blets. At this stage we anticipate that the SO(10) group produces the Standard
Model gauge group factors, and that the 16 · 16 · 10 can produce the Standard Model
fermion mass terms. This structure is common to all the realistic free fermionic
models that we consider here.
The second stage of the basis construction consists of adding to the NAHE set
three additional boundary condition basis vectors. These additional basis vectors
reduce the number of generations to three chiral generations, one from each of the
sectors b1, b2 and b3, and simultaneously break the four dimensional gauge group. The
assignment of boundary conditions to {ψ¯1,···,5} breaks SO(10) to one of its subgroups
SU(5)×U(1) [4], SO(6)×SO(4) [7], SU(3)×SU(2)×U(1)2 [5,8,11], SU(3)×SU(2)2×
U(1) [12] or SU(4)×SU(2)×U(1) [16]. Similarly, the hidden E8 symmetry is broken
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to one of its subgroups. The flavour SO(6)3 symmetries in the NAHE–based models
are always broken to flavour U(1) symmetries, as the breaking of these symmetries is
correlated with the number of chiral generations. Three such U(1)j symmetries are
always obtained in the NAHE based free fermionic models, from the subgroup of the
observable E8, which is orthogonal to SO(10). These are produced by the world–sheet
currents η¯η¯∗ (j = 1, 2, 3), which are part of the Cartan sub–algebra of the observable
E8. Additional unbroken U(1) symmetries, denoted typically by U(1)j (j = 4, 5, ...),
arise by pairing two real fermions from the sets {y¯3,···,6}, {y¯1,2, ω¯5,6} and {ω¯1,···,4}. The
final observable gauge group depends on the number of such pairings. Alternatively,
a left–moving real fermion from the sets {y3,···,6}, {y1,2, ω5,6} and {ω1,···,4} may be
paired with its respective right–moving real fermion to form an Ising model operator,
in which case the rank of the right–moving gauge group is reduced by one. The
reduction of untwisted electroweak Higgs doublets crucially depends on the pairings
of the left– and right–moving fermions from the set {y, ω|y¯, ω¯}1···6.
Subsequent to constructing the basis vectors and extracting the massless spec-
trum, the analysis of the free fermionic models proceeds by calculating the super-
potential. The cubic and higher-order terms in the superpotential are obtained by
evaluating the correlators
AN ∼ 〈V f1 V f2 V b3 · · ·V bN〉, (2.1)
where V fi (V
b
i ) are the fermionic (scalar) components of the vertex operators, using
the rules given in [14]. Generically, correlators of the form (2.1) are of order O(gN−2),
and hence of progressively higher orders in the weak-coupling limit. Typically, one
of the U(1) factors in the free-fermion models is anomalous and generates a Fayet–
Iliopoulos term which breaks supersymmetry at the Planck scale [17]. A supersym-
metric vacuum is obtained by assigning non–trivial VEVs to a set of Standard Model
singlet fields in the massless string spectrum along F and D–flat directions. Some
of these fields will appear in the nonrenormalizable terms (2.1), leading to effective
operators of lower dimension. Their coefficients contain factors of order V/M∼ 1/10.
An example of free fermionic standard–like model is given in table 2.2.
ψµ χ12 χ34 χ56 ψ¯1,...,5 η¯1 η¯2 η¯3 φ¯1,...,8
b4 1 1 0 0 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0
α 1 0 0 1 1 1 1 0 0 1 1 0 1 1 1 1 0 0 0 0
β 1 0 1 0 1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
0 1 1 1
2
1
2
1
2
0
y3y6 y4y¯4 y5y¯5 y¯3y¯6 y1ω6 y2y¯2 ω5ω¯5 y¯1ω¯6 ω1ω3 ω2ω¯2 ω4ω¯4 ω¯1ω¯3
b4 1 0 0 1 0 0 1 0 0 0 1 0
α 0 0 0 1 0 1 0 1 1 0 1 0
β 0 0 1 1 1 0 0 1 0 1 0 0
(2.2)
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The choice of generalised GSO coefficients is:
c
(
b4
bj , α
)
= −c
(
b4
1
)
= −c
(
α
1
)
= c
(
α
bj
)
=
−c
(
α
β
)
= c
(
β
b2
)
= −c
(
β
b1, b3, b4, β
)
= −1
(j = 1, 2, 3), with the others specified by modular invariance and space–time super-
symmetry. The full massless spectrum, charged under the four dimensional gauge
group of this model was presented in ref. [5], as well as the full cubic level superpo-
tential. In ref. [6] it was noted that all the exotic fractionally charged states in the
model decouple from the effective low energy field theory at the cubic level of the
superpotential, provided that the set of Standard Model singlet fields φ¯4, φ¯
′
4, φ4, φ
′
4 ob-
tain a string scale VEV. Supersymmetric flat solutions that incorporate these VEVs
were found in ref. [11], given by the VEVs of the set of fields
{φ12, φ23, φ¯56, φ4, φ′4, φ¯4, φ¯′4, H15, H30, H31, H38}. (2.3)
Additionally it was demonstrated in [11] that in this vacuum solution the only Stan-
dard Model charged states that remain massless below the anomalous U(1) scale
consist of the states of the minimal supersymmetric standard model. Such solutions
are therefore dubbed Minimal Standard Heterotic String Models (MSHSM).
2.1 Yukawa Selection Mechanism
At the cubic level of the superpotential the boundary condition basis vectors
fix the cubic level Yukawa couplings for the quarks and leptons [9]. These Yukawa
couplings are fixed by the vector γ which breaks the SO(10) symmetry to SU(5) ×
U(1). Each sector bi gives rise to an up–like or down–like cubic level Yukawa coupling.
We can define a quantity ∆ in the vector γ, which measures the difference between
the left– and right–moving boundary conditions assigned to the internal fermions
from the set {y, w|y¯, ω¯} and which are periodic in the vector bi,
∆i = |γL(internal)− γR(internal)| = 0, 1 (i = 1, 2, 3). (2.4)
If ∆i = 0 then the sector bi gives rise to a down–like Yukawa coupling while the
up–type Yukawa coupling vanishes. The opposite occurs if ∆i = 1. In the model
of table [2.2] the basis vector responsible for the breaking of SO(10) symmetry to
SU(5)×U(1) is β and, therefore, we obtain at the cubic level Q1u1h¯1, L1N1h¯1, Q2d2h2,
L2e2h2 and Q3d3h3, L3e3h3, irrespective of the choice of GSO projection coefficients.
In models that produce ∆i = 1 for i = 1, 2, 3 the down–quark type cubic–level Yukawa
couplings vanish and the models produce only up–quark type Yukawa couplings at
the cubic level of the superpotential. Models with these characteristics were presented
in refs. [8, 9].
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2.2 Higgs Doublet–Triplet Splitting
The Higgs doublet–triplet splitting operates as follows [18]. The Neveu–Schwarz
sector gives rise to three fields in the 10 representation of SO(10). These contain the
Higgs electroweak doublets and colour triplets. Each of those is charged with respect
to one of the horizontal U(1) symmetries U(1)1,2,3. Each one of these multiplets is
associated, by the horizontal symmetries, with one of the twisted sectors, b1, b2 and
b3. The doublet–triplet splitting results from the boundary condition basis vectors
which break the SO(10) symmetry to SO(6)× SO(4). We can define a quantity ∆i
in these basis vectors which measures the difference between the boundary conditions
assigned to the internal fermions from the set {y, w|y¯, ω¯} and which are periodic in
the vector bi,
∆i = |αL(internal)− αR(internal)| = 0, 1 (i = 1, 2, 3). (2.5)
If ∆i = 0 then the Higgs triplets, Di and D¯i, remain in the massless spectrum while
the Higgs doublets, hi and h¯i are projected out and the opposite occurs for ∆i = 1.
The rule in Eq. (2.5) is a generic rule that operates in NAHE–based free fermionic
models. The model of table [2.2] illustrates this rule. In this model the basis vec-
tor that breaks SO(10) symmetry to SO(6) × SO(4) is α and, with respect to α,
∆1 = ∆2 = ∆3 = 1. Therefore, this model produces three pairs of electroweak
Higgs doublets from the Neveu–Schwarz sector, h1, h¯1 h2, h¯2 and h3, h¯3, and all
the untwisted colour triplets are projected out. Note also that the vector basis b4
is symmetric with respect to the internal fermions that are periodic in the vectors
bi, i = 1, 2, 3 and, therefore, does not project out the fields in the 10 representation
of SO(10).
Another relevant question with regard to the Higgs doublet–triplet splitting mech-
anism is whether it is possible to construct models in which both the Higgs colour
triplets and electroweak doublets from the Neveu–Schwarz sector are projected out
by the GSO projections. This is a viable possibility as we can choose for example
∆
(α)
j = 1 and ∆
(β)
j = 0,
where ∆(α,β) are the projections due to the basis vectors α and β respectively. This
is a relevant question as the number of Higgs representations, which generically ap-
pear in the massless spectrum, is larger than what is allowed by the low energy
phenomenology. Attempts to construct such models were discussed in ref. [19]. How-
ever, in the models presented there this was achieved at the expense of projecting
some of the states from the sectors b1, b2 and b3. In section 3 we present for the
first time three generation models with reduced untwisted Higgs spectrum, without
resorting to analysis of supersymmetric flat directions.
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3 Models with reduced untwisted Higgs spectrum
As an illustration of the Higgs reduction mechanism we consider the model in
table 3.1
ψµ χ12 χ34 χ56 ψ¯1,...,5 η¯1 η¯2 η¯3 φ¯1,...,8
α 1 1 0 0 1 1 1 0 0 0 1 0 0 1 1 0 0 0 0 0
β 1 0 1 0 1 1 1 0 0 1 1 1 0 1 1 0 0 0 0 0
γ 1 0 0 1 1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
0 0 0 1
2
1
2
1
2
0
y3y6 y4y¯4 y5y¯5 y¯3y¯6 y1ω6 y2y¯2 ω5ω¯5 y¯1ω¯6 ω1ω3 ω2ω¯2 ω4ω¯4 ω¯1ω¯3
α 1 0 0 0 0 0 1 1 0 0 1 0
β 0 0 1 1 1 0 0 1 0 1 0 1
γ 0 1 0 1 0 1 0 0 1 0 0 1
(3.1)
With the choice of generalised GSO coefficients:
c
(
α, β
α
)
= c
(
β, γ
β
)
= −c
(
γ
1, α
)
= c
(
α
b3
)
=
c
(
γ
b1
)
= −c
(
β
bj
)
= −c
(
α
b1, b2
)
= −c
(
γ
b2, b3
)
= 1
(j=1,2,3), with the others specified by modular invariance and space–time supersym-
metry. As noted from the table, in this model the boundary conditions with respect
to b2 and b3 in the basis vector α are asymmetric and symmetric, respectively, while
the opposite occurs for the basis vector β. At the same time, the boundary condi-
tions with respect to the sector b1 are asymmetric in both α and β. Therefore, in this
model ∆
(α)
1 = ∆
(β)
1 = 1; ∆
(α)
2 = 1, ∆
(β)
2 = 0 and ∆
(α)
3 = 0, ∆
(β)
3 = 1. Consequently,
in this model, irrespective of the choice of the generalised GSO projection coefficients,
both the Higgs colour triplets and electroweak doublets associated with b2 and b3 are
projected out by the GSO projections, whereas the electroweak Higgs doublets that
are associated with the sector b1 remain in the spectrum. However, in this model, the
sector α produces chiral fractionally charged exotics, and is therefore not viable. We
also note that in this model the non–vanishing cubic level Yukawa couplings produce
a down–quark type mass term, and not a potential top–quark mass term.
An alternative model is presented in table 3.2.
ψµ χ12 χ34 χ56 ψ¯1,...,5 η¯1 η¯2 η¯3 φ¯1,...,8
b4 1 1 0 0 1 1 1 1 1 0 1 0 1 1 1 1 0 0 0 0
β 1 0 1 0 1 1 1 0 0 1 1 1 0 0 0 0 1 1 0 0
γ 1 0 0 1 1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
0 0 1
2
1
2
0 0 1
2
1
2
7
y3y6 y4y¯4 y5y¯5 y¯3y¯6 y1ω6 y2y¯2 ω5ω¯5 y¯1ω¯6 ω1ω3 ω2ω¯2 ω4ω¯4 ω¯1ω¯3
b4 1 0 0 0 0 0 1 1 0 0 1 0
β 0 0 1 1 1 0 0 1 0 1 0 1
γ 0 1 0 1 0 0 0 1 1 1 0 0
(3.2)
With the choice of generalised GSO coefficients:
c
(
b4
b4, β, γ
)
= c
(
β
β, γ
)
= c
(
b4, γ
bj
)
=
−c
(
γ
1
)
= −c
(
β
bj
)
= 1
(j=1,2,3), with the others specified by modular invariance and space–time supersym-
metry. In this model the basis vector b4 preserves the SO(10) symmetry, which is
broken by the basis vectors β and γ to SU(3) × SU(2) × U(1)2. The b4 projec-
tion is asymmetric with respect to the internal fermions that are periodic in the
sectors b1 and b2 and, therefore, projects out the entire untwisted vectorial repre-
sentations of SO(10), that couple to the sectors b1 and b2, irrespective of the β
projection. On the other hand, it is symmetric with respect to b3, while the ba-
sis vector β, that breaks SO(10) → SO(6) × SO(4), is asymmetric with respect to
b3. Therefore, the Higgs doublets that couple to b3 remain in the massless spec-
trum. We note also that the boundary conditions in the vector γ, that breaks
SO(10)→ SU(5)× U(1), are asymmetric with respect to the internal fermions that
are periodic in the sector b3. Therefore, this model will select an up–quark type
Yukawa couplings at the cubic level of the superpotential. The gauge group of this
model is generated entirely from the untwisted vector bosons and there is no gauge
symmetry enhancement from additional sectors. The four dimensional gauge group
is SU(3)C × SU(2)L × U(1)B−L × U(1)T3R × U(1)1,···,6 × SU(2)1,···,6 × U(1)7,8.
The spectrum of the model is detailed in the table 4.1 at the end of this paper. The
cubic level superpotential, including states from the observable and hidden sectors,
is straightforwardly calculated following the rules given in [14] and reads:
W = N cL3L3h¯+ u
c
L3
Q3h¯ + C
−+
+ D−h¯+ C
+−
−
D+h+
+ (φ1φ3
′ + φ′1φ3)φ2 + (C
−+
+ C
+−
−
+ C−+
−
C+−+ )φ
′
3
+ (D+D− + C+C− + T+T− +D
(6)
+−D
(6)
−+ +D
(6)
−−
D
(6)
++)φ3
+ (D
(3,4)
+− D
(3,4)
−+ +D
(5)
+ D
(5)
−
+D
(3)
++D
(3)
−−
+D
(3)
+−D
(3)
−+)φ1
+ A+A−φ
′
1.
As expected, we obtain a Yukawa coupling for the top quark, but also couplings
of the Higgs with exotic states. One can also see that not all the fractionally charged1
states in the spectrum appear in the cubic level superpotential, which means that they
remain massless at the trilinear level. However, this does not exclude the possibility
of giving them masses at higher orders.
1The hypercharge is defined as QY = 1/3 QC + 1/2 QL and the electric charge is given by
Qe = T3L +QY , with T3L the electroweak isospin.
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3.1 Flat directions
In this section we investigate the flat directions of the model of table 3.2. The
model contains 6 anomalous U(1)’s with
Tr Q1 = Tr Q2 = −Tr Q3 = Tr Q5 = −24,
Tr Q4 = −Tr Q6 = 12. (3.3)
The total anomaly can be rotated into a single U(1)A and the new basis reads
Q′1 = Q1 −Q2,
Q′2 = Q3 +Q5,
Q′3 = Q4 +Q6,
Q′4 = Q1 +Q2 +Q3 −Q5,
Q′5 = Q1 +Q2 −Q3 +Q5 + 4(Q4 −Q6),
QA = 2(Q1 +Q2 −Q3 +Q5)−Q4 +Q6. (3.4)
In the following we will call Q′i, i=1,...,5, simply Qi.
To search for flat directions we use the methodology developed in [20]. We start
by constructing a basis of D-flat directions under Q1...5 and then we investigate the
existence of D-flat directions in the anomalous U(1)A. Subsequently we will have
to impose D-flatness under the remaining gauge groups and F-flatness. To generate
the basis of flat directions under Q1...5 we start by forming a basis of gauge invariant
monomials under U(1)1, then we use these invariants to construct a basis of invariant
monomials under U(1)2 and so forth.
We include in the analysis only the fields with vanishing hypercharge1 and which
are singlets under the Standard Model gauge group. The Q1...5,A charges of these fields
are detailed in table 3.6, where, following the notation of [20], we signal by (
′)((
′′)) the
presence in the spectrum of a second (third) field with the same U(1)1...5,A charges
and by
√
the presence of a field with opposite U(1)1...5,A charges. For instance, the
field φ stands for φ1, while φ
′ stands for φ3 and the two fields with opposite charges
are φ′1 and φ
′
3. The fields with opposite charges to A+ and A− are D
(5)
−
and D
(5)
+ ,
respectively, while the field with opposite charges to D2 is D
(3,4)
+− and D˜
′′
2 stands for
D
(3,4)
−+ , in the notation of the table 4.1. We did not include in table 3.6 the fields φ˜1,
φ2 and φ˜3, which have vanishing charges. These fields are trivially flat directions in
the U(1)1...5, but they are not flat under the anomalous U(1).
For simplicity we rescaled the charges Q1, Q3 and QA by a factor 2 and the charges
Q2, Q4 and Q5 by a factor 4. The seventh column is given by
Qˆ =
1
18
(QA −Q5 + 9 Q3) (3.5)
and, as explained in [20], it will be useful for the search of flat directions in the
anomalous U(1).
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Q1 Q2 Q3 Q4 Q5 QA Qˆ
φ(
′)
√(′) 0 4 0 -4 4 4 0
S
(′)
1 , D1 1 2 -1 0 -12 -3 0
S˜
(′)
1 , D˜
(′)
1 1 2 1 0 4 -5 0
S
(′)
2 , D2
√
-1 4 0 -2 -2 -2 0
S˜
(′)
2 , D˜
(′)(′′)
2 -1 0 0 2 -6 -6 0
S
(′)
3 , D3 0 0 1 -4 -12 -3 1
S˜
(′)
3 , D˜
(′)
3 0 0 -1 -4 4 -5 -1
N1 -1 0 -1 -2 -10 -1 0
N2 1 -2 0 0 -4 -4 0
N3 0 2 -1 2 6 -3 -1
A+
√
-1 0 0 -6 2 2 0
A−
√
1 4 0 2 2 2 0
F (
′) 1 -1 2 -1 1 1 1
F˜ (
′) -1 1 0 1 15 -3 -1
F1 0 3 1 1 11 2 0
F2 0 -1 1 5 7 -2 0
F3 0 1 1 -5 9 0 0
F4 0 -3 1 -1 5 -4 0
(3.6)
As a first step we investigate the existence of flat directions involving vacuum
expectation values only for the fields which are singlets under both the visible and
the hidden gauge groups. These fields are φ(
′)
√(′), S(′)1 , S˜(
′)
1 , S
(′)
2 , S˜
(′)
2 , S
(′)
3 , S˜
(′)
3 , N1,
N2 and N3. Bearing in mind the equivalence in the charges for some fields, these
count as 11 fields and so, given the fact that we have to impose 5 constraints, the
basis of flat directions should contain 6 elements. But a simple Mathematica program
can show that it is impossible to incorporate the fields S
(′)
1 , S
(′)
3 , N1, N2 and N3 into
the flat directions. This leave us with 6 fields, so we expect a basis with just one
element. It turns out that, in respect with the charges of the remaining fields, Q4
and Q5 are a linear combination of the previous U(1)’s, so there are actually only 3
independent constraints and, hence, we obtain three basis elements
φφ¯, φ¯S˜21 S˜
2
2 S˜
2
3 , φ¯
3S˜21S
2
2 S˜
2
3 , (3.7)
where we expressed the flat directions as gauge invariant monomials. For example,
the monomial φ¯S˜21 S˜
2
2 S˜
2
3 corresponds to the following choice of VEVs
|φ¯|2 = |ψ|2, |S˜1|2 = 2|ψ|2, |S˜2|2 = 2|ψ|2, |S˜3|2 = 2|ψ|2, (3.8)
for an arbitrary |ψ|.
Note that in the precedent basis any field A can be replaced with its copy A
′
.
Any flat direction, P , can be obtained from the elements of the basis as
10
P n =
∏
α
Mnαα , (3.9)
where Mα stand for the elements of the basis, n is a positive integer and nα are
integers [20].
In order to obtain D-flat directions in the anomalous U(1) we need to construct
invariant monomials containing the field S
(′)
3 , since this is the only field with a positive
Qˆ charge 1, necessary to cancel the negative Fayet-Iliopoulos term generated by the
anomalous U(1) 2. And, since none of the elements of the basis contains this field,
we conclude that there are no flat directions involving only VEVs of the singlets.
Therefore, we proceed with the analysis including also nonabelian fields under
the hidden gauge group. This amounts to including all the fields in table 3.6, which
contains 22 fields with non-equivalent charges. Again, we look for a basis of gauge
invariant monomials under Q1...5. Such a basis is given by
φφ¯, D2D¯2, A+A¯+, A−A¯−, φ¯S˜
2
1 S˜
2
2 S˜
2
3 , φ¯
3S˜21S
2
2 S˜
2
3 , φ¯A+A−,
φ¯S41N
2
1F
2F˜ 4F 24 , φ¯S
2
1S
2
3N
2
3 F˜
2F 24 , φ¯S
2
3N
2
1N
2
2N
4
3F
2F˜ 2,
φ¯S23N
2
1N
2
2N
4
3F
2
1F
2
4 , φ¯S
2
3N
2
1N
2
2N
4
3F
2
2F
2
3 , S
2
1 S˜2S3S˜3A¯+F˜
2F 24 ,
S31 S˜
3
2S3S˜3
2
N1N2A¯
3
+F˜
3F 23F
3
4 , S˜
5
2S3S˜3
5
A¯5+F
3
3F4, φ¯S
10
1 S˜
2
2S
2
3 F˜
8F 84 ,
S91 S˜
2
2S
2
3N1N2A¯+F˜
8F 84 (3.10)
where, again, any field can be replaced with one of its copies with equal Q1...5 charges.
All the elements of the basis have negative or vanishing Qˆ charges, but, since some
of the elements contain the fields S3 and F , which have positive Qˆ charge, and, since
flat directions can be obtained as a combination of the basis elements with negative
powers, we cannot conclude immediately that there are no D-flat directions under
the anomalous U(1). Nevertheless, a simple Mathematica program shows that it is
impossible to obtain viable invariant monomials with positive Qˆ charge, by viable
meaning that the fields that do not have a partner field with opposite charges should
appear with positive powers in the monomials. We conclude that there are no flat
directions involving only singlets of the visible gauge group.
Therefore, the only possibility to obtain flat directions which do not break electric
charge is to consider the option of giving a VEV also to the neutral component of the
1The Qˆ charge of an invariant monomial is equal, up to positive factors, with his QA charge,
since the difference between the two is a linear combination of Q1...5, under which the invariant
monomials have zero charge by construction.
2In our model Tr QA < 0.
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Higgs field, in which case the flat directions would break the electroweak symmetry.
The Higgs doublets in our model have the following charges:
Q1 Q2 Q3 Q4 Q5 QA Qˆ
h
√
0 4 0 4 -4 -4 0
(3.11)
and including them into our analysis amounts to adding the invariant monomial
φ¯hS21S3S˜3F˜
2F 24 to the basis 3.10. The new basis element also has a negative Qˆ
charge and, again, it turns out to be impossible to construct flat directions with
positive Qˆ charge. This means that the only stable vacuum solutions of our model
are the ones that break the Standard Model gauge group. We did not search for
such flat directions (i.e. including in the analysis all the states in the spectrum), but
preliminary analysis indicates their existence.
4 Conclusions
The quasi–realistic free fermionic models, which are related to Z2 × Z2 orbifold
compactifications at special points in the moduli space [21], produced some of the
most realistic string models constructed to date. The underlying Z2 × Z2 orbifold
structure dictates that the models generically contain three pairs of untwisted Higgs
multiplets. The reduction of the Higgs states to the Standard Model spectrum relied
in the past on the analysis of supersymmetric flat directions, which give superheavy
mass to the dispensable Higgs respresentations. In this paper we investigated the
possibility of removing the extra Higgs multiplets by using the free fermion boundary
conditions and directly at the string level, rather than in the effective low energy field
theory.
The mechanism presented relies on the possibility of assigning boundary condi-
tions that are asymmetric between the left– and right–moving internal fermions. In
this respect, it should be noted that all Z2×Z2 orbifold models constructed to date use
symmetric boundary conditions and is therefore of immense interest to incorporate
asymmetric twistings in these bosonic constructions.
We also incorporated the Higgs reduction mechanism in a three generation model
and therefore obtained for the first time a model with three generations of chiral
fermions, arising from the 16 spinorial representation of SO(10), and one pair of
electroweak Higgs doublet, arising from the 10 vectorial representation of SO(10),
directly at the string level.
An additional effect of the asymmetric twisting is the reduction of the moduli
space. In the past this has been demonstrated with respect to the untwisted moduli
that parametrise the shape and size of the dimensional compactified manifold [22].
The effect of the asymmetric boundary conditions that result in untwisted Higgs
reduction is, additionally, to reduce the untwisted Standard Model singlet spectrum.
The consequence is that the supersymmetric moduli space is more restrictive. In fact,
we demonstrated that in the model presented here there do not exist flat directions
12
that preserve the Standard Model gauge group. This is in fact a welcomed situation,
as it is likely that in the vast space of three generation free fermionic models [23]
there do exist vacua that accommodate a viable spectrum with the Higgs reduction
mechanism articulated here, and supersymmetric flat directions. In such models,
however, the supersymmetric moduli space will be much reduced, hence increasing
their predictive power.
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Table 4.1
F SEC SU(3)× QC QL Q1 Q2 Q3 Q4 Q5 Q6 SU(2)61,..,6 Q7 Q8
SU(2)
L1 b1 (1, 2) −32 0 −12 0 0 −12 0 0 (1, 1, 1, 1, 1, 1) 0 0
Q1 (3, 2)
1
2
0 −1
2
0 0 1
2
0 0 (1, 1, 1, 1, 1, 1) 0 0
dcL1 (3¯, 1) −12 1 −12 0 0 −12 0 0 (1, 1, 1, 1, 1, 1) 0 0
N cL1 (1, 1)
3
2
−1 −1
2
0 0 −1
2
0 0 (1, 1, 1, 1, 1, 1) 0 0
ucL1 (3¯, 1) −12 −1 −12 0 0 12 0 0 (1, 1, 1, 1, 1, 1) 0 0
ecL1 (1, 1)
3
2
1 −1
2
0 0 1
2
0 0 (1, 1, 1, 1, 1, 1) 0 0
L2 b2 (1, 2) −32 0 0 −12 0 0 12 0 (1, 1, 1, 1, 1, 1) 0 0
Q2 (3, 2)
1
2
0 0 −1
2
0 0 −1
2
0 (1, 1, 1, 1, 1, 1) 0 0
dcL2 (3¯, 1) −12 1 0 −12 0 0 −12 0 (1, 1, 1, 1, 1, 1) 0 0
N cL2 (1, 1)
3
2
−1 0 −1
2
0 0 −1
2
0 (1, 1, 1, 1, 1, 1) 0 0
ucL2 (3¯, 1) −12 −1 0 −12 0 0 12 0 (1, 1, 1, 1, 1, 1) 0 0
ecL2 (1, 1)
3
2
1 0 −1
2
0 0 1
2
0 (1, 1, 1, 1, 1, 1) 0 0
L3 b3 (1, 2) −32 0 0 0 12 0 0 12 (1, 1, 1, 1, 1, 1) 0 0
Q3 (3, 2)
1
2
0 0 0 1
2
0 0 −1
2
(1, 1, 1, 1, 1, 1) 0 0
dcL3 (3¯, 1) −12 1 0 0 12 0 0 −12 (1, 1, 1, 1, 1, 1) 0 0
N cL3 (1, 1)
3
2
−1 0 0 1
2
0 0 −1
2
(1, 1, 1, 1, 1, 1) 0 0
ucL3 (3¯, 1) −12 −1 0 0 12 0 0 12 (1, 1, 1, 1, 1, 1) 0 0
ecL3 (1, 1)
3
2
1 0 0 1
2
0 0 1
2
(1, 1, 1, 1, 1, 1) 0 0
h NS (1, 2) 0 −1 0 0 1 0 0 0 (1, 1, 1, 1, 1, 1) 0 0
h¯ (1, 2) 0 1 0 0 −1 0 0 0 (1, 1, 1, 1, 1, 1) 0 0
φ1 (1, 1) 0 0 0 0 0 0 1 0 (1, 1, 1, 1, 1, 1) 0 0
φ′1 (1, 1) 0 0 0 0 0 0 −1 0 (1, 1, 1, 1, 1, 1) 0 0
φ˜1 (1, 1) 0 0 0 0 0 0 0 0 (1, 1, 1, 1, 1, 1) 0 0
φ2 (1, 1) 0 0 0 0 0 0 0 0 (1, 1, 1, 1, 1, 1) 0 0
φ3 (1, 1) 0 0 0 0 0 0 1 0 (1, 1, 1, 1, 1, 1) 0 0
φ′3 (1, 1) 0 0 0 0 0 0 −1 0 (1, 1, 1, 1, 1, 1) 0 0
φ˜3 (1, 1) 0 0 0 0 0 0 0 0 (1, 1, 1, 1, 1, 1) 0 0
16
F SEC SU(3)× QC QL Q1 Q2 Q3 Q4 Q5 Q6 SU(2)61,..,6 Q7 Q8
SU(2)
C−++ 1 + b4 (1, 1) 0 −1 −12 0 12 0 12 0 (1, 1, 1, 1, 1, 1) 1 0
C−+
−
+β + 2γ (1, 1) 0 1 −1
2
0 1
2
0 1
2
0 (1, 1, 1, 1, 1, 1) −1 0
D+ (1, 2) 0 0 −12 0 −12 0 −12 0 (1, 1, 1, 1, 1, 1) 1 0
D− (1, 2) 0 0
1
2
0 1
2
0 −1
2
0 (1, 1, 1, 1, 1, 1) −1 0
C+−+ (1, 1) 0 −1 12 0 −12 0 12 0 (1, 1, 1, 1, 1, 1) 1 0
C+−
−
(1, 1) 0 1 1
2
0 −1
2
0 1
2
0 (1, 1, 1, 1, 1, 1) −1 0
T+ 1 + b4 (3¯, 1) −12 0 0 −12 0 0 −12 0 (1, 1, 1, 1, 1, 1) 0 1
C− +β (1, 1)
3
2
0 0 −1
2
0 0 −1
2
0 (1, 1, 1, 1, 1, 1) 0 −1
C+ (1, 1) −32 0 0 12 0 0 −12 0 (1, 1, 1, 1, 1, 1) 0 1
T− (3, 1)
1
2
0 0 1
2
0 0 −1
2
0 (1, 1, 1, 1, 1, 1) 0 −1
D1 b1 + 2γ (1, 1) 0 0 0 −12 12 −12 0 0 (1, 1, 2, 1, 1, 2) 0 0
S1 (1, 1) 0 0 0 −12 12 −12 0 0 (1, 1, 1, 1, 1, 1) −1 −1
S ′1 (1, 1) 0 0 0 −12 12 −12 0 0 (1, 1, 1, 1, 1, 1) 1 1
S˜1 (1, 1) 0 0 0 −12 12 12 0 0 (1, 1, 1, 1, 1, 1) −1 1
S˜ ′1 (1, 1) 0 0 0 −12 12 12 0 0 (1, 1, 1, 1, 1, 1) 1 −1
S2 b2 + 2γ (1, 1) 0 0 −12 0 12 0 12 0 (1, 1, 1, 1, 1, 1) −1 1
S ′2 (1, 1) 0 0 −12 0 12 0 12 0 (1, 1, 1, 1, 1, 1) 1 −1
D2 (1, 1) 0 0 −12 0 12 0 12 0 (1, 1, 2, 1, 1, 2) 0 0
S˜2 (1, 1) 0 0 −12 0 12 0 −12 0 (1, 1, 1, 1, 1, 1) −1 −1
S˜ ′2 (1, 1) 0 0 −12 0 12 0 −12 0 (1, 1, 1, 1, 1, 1) 1 1
S3 b3 + 2γ (1, 1) 0 0 −12 −12 0 0 0 12 (1, 1, 1, 1, 1, 1) −1 1
S ′3 (1, 1) 0 0 −12 −12 0 0 0 12 (1, 1, 1, 1, 1, 1) 1 −1
S˜3 (1, 1) 0 0 −12 −12 0 0 0 −12 (1, 1, 1, 1, 1, 1) −1 −1
S˜ ′3 (1, 1) 0 0 −12 −12 0 0 0 −12 (1, 1, 1, 1, 1, 1) 1 1
D˜3 (1, 1) 0 0 −12 −12 0 0 0 −12 (1, 1, 2, 1, 1, 2) 0 0
A+ b4 + 2γ (1, 1) 0 0 −12 0 −12 0 12 0 (2,1,1,1,1,1) 0 1
A− (1, 1) 0 0
1
2
0 1
2
0 1
2
0 (2,1,1,1,1,1) 0 −1
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F SEC SU(3)× QC QL Q1 Q2 Q3 Q4 Q5 Q6 SU(2)61,..,6 Q7 Q8
SU(2)
D˜1 1 + b2+ (1,1) 0 0 0 −12 12 12 0 0 (1,2,1,2,1,1) 0 0
D˜′1 b3 + 2γ (1,1) 0 0 0 −12 12 12 0 0 (2,1,1,1,2,1) 0 0
D˜2 1 + b1+ (1,1) 0 0 −12 0 12 0 −12 0 (2,1,1,1,2,1) 0 0
D˜′2 b3 + 2γ (1,1) 0 0 −12 0 12 0 −12 0 (1,2,1,2,1,1) 0 0
1 + b1 + b2 (1,1)
3
4
1
2
1
4
−1
4
−1
4
1
2
0 −1
2
(1,1,1,2,1,1) 1
2
−1
2
b4 ± γ (1,1) −34 −12 −14 14 14 −12 0 −12 (1,1,1,2,1,1) −12 12
D˜′3 1 + b1+ (1,1) 0 0 −12 −12 0 0 0 −12 (2,1,1,1,2,1) 0 0
D3 b2 + 2γ (1,1) 0 0 −12 −12 0 0 0 12 (1,2,1,2,1,1) 0 0
1 + b1+ (1,1) 0 −1 0 0 0 −12 −12 12 (2,1,1,1,1,1) 0 0
b2 + b3+ (1,1) 0 1 0 0 0
1
2
−1
2
1
2
(2,1,1,1,1,1) 0 0
β + 2γ (1,1) 0 1 0 0 0 −1
2
−1
2
−1
2
(2,1,1,1,1,1) 0 0
(1,1) 0 −1 0 0 0 1
2
−1
2
−1
2
(2,1,1,1,1,1) 0 0
D
(3,4)
−+ 1 + b1+ (1,1) 0 0 −12 0 12 0 −12 0 (1,1,2,2,1,1) 0 0
D
(5)
+ b2 + b3 (1,1) 0 0 −12 0 −12 0 −12 0 (1,1,1,1,2,1) 1 0
D
(5)
−
α + 2γ (1,1) 0 0 1
2
0 1
2
0 −1
2
0 (1,1,1,1,2,1) −1 0
D
(3,4)
+− (1,1) 0 0
1
2
0 −1
2
0 −1
2
0 (1,1,2,2,1,1) 0 0
D
(6)
+− ±γ (1,1) 34 12 14 14 14 12 −12 0 (1,1,1,1,1,2) 12 −12
D
(6)
−−
(1,1) 3
4
1
2
1
4
1
4
1
4
−1
2
−1
2
0 (1,1,1,1,1,2) 1
2
−1
2
D
(6)
++ (1,1) −34 −12 −14 −14 −14 12 −12 0 (1,1,1,1,1,2) −12 12
D
(6)
−+ (1,1) −34 −12 −14 −14 −14 −12 −12 0 (1,1,1,1,1,2) −12 12
D
(3)
−−
b1 + b3 (1,1)
3
4
1
2
−1
4
1
4
−1
4
0 −1
2
−1
2
(1,1,2,1,1,1) −1
2
1
2
D
(3)
+− ±γ (1,1) 34 12 −14 14 −14 0 −12 12 (1,1,2,1,1,1) −12 12
D
(3)
−+ (1,1) −34 −12 14 −14 14 0 −12 −12 (1,1,2,1,1,1) 12 −12
D
(3)
++ (1,1) −34 −12 14 −14 14 0 −12 12 (1,1,2,1,1,1) 12 −12
F 1 + b3 + α (1,1)
3
4
−1
2
1
4
−1
4
−1
4
1
2
0 1
2
(1,1,2,1,1,1) −1
2
−1
2
F ′ β ± γ (1,1) 3
4
−1
2
1
4
−1
4
−1
4
1
2
0 1
2
(1,1,1,1,1,2) 1
2
1
2
F˜ (1,1) −3
4
1
2
−1
4
1
4
1
4
1
2
0 −1
2
(1,1,2,1,1,1) 1
2
1
2
F˜ ′ (1,1) −3
4
1
2
−1
4
1
4
1
4
1
2
0 −1
2
(1,1,1,1,1,2) −1
2
−1
2
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F SEC SU(3)× QC QL Q1 Q2 Q3 Q4 Q5 Q6 SU(2)61,..,6 Q7 Q8
SU(2)
F1 1 + b2 + b4 (1,1)
3
4
−1
2
1
4
1
4
1
4
1
2
1
2
0 (1,1,2,1,1,1) −1
2
−1
2
F2 β ± γ (1,1) 34 −12 14 14 14 12 −12 0 (1,1,1,1,1,2) 12 12
F3 (1,1) −34 12 −14 −14 −14 12 12 0 (1,1,2,1,1,1) 12 12
F4 (1,1) −34 12 −14 −14 −14 12 −12 0 (1,1,1,1,1,2) −12 −12
1 + b4 (1,1)
3
4
1
2
−1
4
1
4
−1
4
0 1
2
−1
2
(1,1,1,2,1,1) 1
2
−1
2
±γ (1,1) −3
4
−1
2
1
4
−1
4
1
4
0 1
2
−1
2
(1,1,1,2,1,1) −1
2
1
2
b3 + b4 (1,1)
3
4
1
2
1
4
−1
4
−1
4
1
2
0 −1
2
(1,2,1,1,1,1) −1
2
1
2
±γ (1,1) −3
4
−1
2
−1
4
1
4
1
4
−1
2
0 −1
2
(1,2,1,1,1,1) 1
2
−1
2
b1 + b2 + b3 (1,1)
3
4
1
2
−1
4
1
4
−1
4
0 −1
2
−1
2
(1,2,1,1,1,1) −1
2
1
2
+b4 ± γ (1,1) −34 −12 14 −14 14 0 −12 −12 (1,2,1,1,1,1) 12 −12
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